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The integration of solar thermal systems into district heating networks represents a pivotal step
toward sustainable urban energy solutions. This study examines the integration of such a system
into the “Toplana Cerak” heating plant, part of Belgrade's district heating network. The primary aim
was to analyze the technical and economic feasibility of transitioning from a conventional natural
gas-based heating system to a hybrid model combining solar thermal technology. The proposed

system includes solar collectors, a heat exchanger, and a thermal storage unit, ensuring year-
round energy delivery. A mathematical model and simulation were employed to optimize critical
parameters, including the solar fraction (SF), storage volume, and collector area. Scenarios with
varying solar shares (30%-90%) were simulated to identify an optimal configuration. The results

revealed that a 70% solar fraction is the most cost-effective and environmentally beneficial, reducing
annual CO, emissions by 31,000 tons and decreasing primary energy use by approximately 70%.
Economic analysis using the Sunstore 4 Feasibility Tool showed significant potential savings, with an
estimated €3.7 million annually and total savings of up to €162 million over 25 years. Additionally,
the levelized cost of heating (LCOH) was halved compared to conventional systems. This study
underscores the potential of solar district heating to reduce greenhouse gas emissions, enhance

energy independence, and align with EU climate targets. Future recommendations include improving
thermal storage design and exploring integrations with other renewable energy sources like biomass or
geothermal systems to further enhance efficiency and sustainability.

1. Introduction

The increasing demand for sustainable energy has brought
solar thermal systems into focus. By integrating solar sys-
tems into district heating, reliance on fossil fuels can be re-
duced, leading to economic and environmental benefits. This
study explores the integration of a solar thermal system into
the ,Toplana Cerak” district heating network, analyzing its
technical and economic feasibility.

Solar thermal systems essentially convert solar radiation
into thermal energy using solar collectors. Key components
of these systems include solar collectors, heat exchangers,
and thermal storage tanks. They can supply energy for res-
idential hot water, space heating, or industrial processes.
Unlike photovoltaic systems, which generate electricity, so-
lar thermal systems focus on heat production, making them
suitable for integration into district heating networks.

Solar district heating systems integrate large-scale solar
thermal systems with centralized heating networks. These
systems reduce dependence on fossil fuels, lower green-
house gas emissions, and provide cost-effective heating
solutions. With seasonal thermal storage they enable excess
solar energy collected during summer to be utilized in win-
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ter, ensuring year-round energy supply. Successful imple-
mentations in Europe and rest of the world demonstrate the
viability of such systems in urban areas.

The chosen heating plant for this exploration is ,Toplana
Cerak” a part of ,JKP Beogradske elektrane” Belgrade's dis-
trict heating network, operational since 1985 with an in-
stalled capacity of 232 MW. It provides heating and hot
water to over 45,000 households and business spaces, us-
ing natural gas as the primary energy source. The system in-
cludes three high-capacity boilers for winter heating and
two steam boilers for hot water supply in summer [1].

2. System model and simulation
2.1. System description

The proposed system comprises a solar collector array, a
heat exchanger, and a thermal storage tank designed to inte-
grate with the existing infrastructure of the ,Toplana Cerak”
plant. Solar collectors capture sunlight, heating a transfer
medium (the most commonly used fluid in solar thermal sys-
tems is a mixture of water and antifreeze, typically based on
propylene glycol or ethylene glycol). Heat is then, in the heat
exchanger, transferred to the water that is stored in a ther-
mally insulated tank and can be used as needed. During pe-
riods of low sunlight, heat stored in this tank supplements
conventional heat sources, ensuring a continuous ener-
gy supply. The analyzed system combines an existing natu-
ral gas-based district heating network with a solar thermal
subsystem.
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Figure 1. Simplified system layout (Part of the interface of the created simulation)

2.2. Mathematical model and system simulation

For the purposes of this study, a simulation of the operation
of such a system was developed. The simulation incorporates
the central equations [2] governing the behavior and perfor-
mance of the system. These equations include the following.

Determination of water temperature
in the thermal storage tank

At
(me)A

fy, [°Cl —the water temperature in the accumulator after a
time interval Af,

tan=ta+

(QkorQilegub) (1)

t, [°C]  —the water temperature in the accumulator during
the previous time interval,
(mcy),  —the thermal capacity of the water in accumulator.

The equation models the temperature dynamics within the
tank based on incoming and outgoing energy flows. This
equation is crucial because it relates to the main component
of this system, which is the element with the highest thermal
capacity — in this case, the thermal accumulator.

Useful delivered heat flux

2
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A-G [W] —the power of solar radiation reaching the collec-
tor surface,

o — the optical efficiency factor of the collector (the
efficiency of the collector when there are no
thermal losses to the surroundings, i.e., when the
average fluid temperature in the collector equals
the ambient air temperature),

a,, a, — coefficients of thermal losses of the collector,

Ky —the incidence angle modifier,

t, [°C] —the average temperature of the fluid in the col-
lector,

t, [°C] —the ambient temperature.

This equation quantifies the thermal energy effectively de-
livered to the system.

Heat loss from the storage tank

qub =UA(ty —ty) (3)
A[m?] —the surface area of the accumulator,
U — the heat transfer coefficient,

t [°C] —the temperature of the accumulator surrounding.
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Heat delivered to the consumer

Instead of calculating this parameter, the obtained
values for the heat demand in 2023, provided by
JJoplana Cerak,” are directly used in the simulation
(Table 1).

2.3. Thermal storage design

The thermal storage is a critical component, allowing
excess solar energy to be stored and utilized during
winter months. The thermal storage is designed as an
inverted truncated pyramid, a configuration chosen
based on global best practices and proven effective-
ness in large-scale solar thermal systems. Lined with
an HDPE waterproof layer secured by anchor trench-
es. Excavated soil forms a berm around the structure.

Table 1. Display of delivered thermal energy
and temperature regime

Delivered | Distribution Return
thermal water water
energy, | temperature | temperature
Q [MWh] f:[°C] t,[°C]

Total for 2023 222019

Daily average 608 61 45
Daily average (sanitary hot water) 89 56 47
Daily average (heating season) 1032 04 44
January 1343 65 43
February 1421 70 45
March 950 63 42
April 751 60 43
May 120 57 46
June 92 57 47
July 77 57 47
August 74 56 47
September 83 57 47
October 216 56 46
November 924 64 43
December 1307 68 44

The top is covered with a floating insulating cover consisting
of layers: a 2 mm HDPE liner, drainage net, 240 mm insula-
tion, another drainage net, and a 1 mm HDPE top liner. Ven-
tilation prevents vapor condensation, facilitated by vacuum
valves and optional fans [3].

Figure 2. Thermal energy storage configuration [3]



2.3.1. Determining the required storage volume

A key parameter to determine is the ratio between the vol-
ume of the storage tank and the surface area of the solar
collectors. This parameter is denoted as RVA [m3/m?] (RVA
from ,required volume per area”) [4]. Figure 3 illustrates the
distribution of RVA as a function of solar fraction (SF).

Figure 3. Dependency of the RVA index on the solar fraction [4]

The recommendation for calculating RVA as a function of SF
identified in the literature is provided in the ,Solar District
Heating Guidelines — IEE”. The RVA values recommended by
IEE (,Ineligent Energy Europe”) can be calculated using the
following empirical relationships:

RVA = 0.9 SF (za SF < 20%)
RVA = 4.7 SF—0.7589 (za SF > 20%) (4)

The storage volume V [m?3] can be determined as a function
of RVA [m3/m?] and the collector area A [m?] as V=RVA - A
[4].

2.4. Collector field

Denmark leads Europe in solar thermal systems and is home
to the largest solar thermal collector installation and the
largest seasonal thermal energy storage system in the world
[5]. Both projects were developed and equipped by the Dan-
ish company Arcon Sunmark, underscoring their expertise
and reliability in large-scale solar thermal applications. Con-
sequently, the chosen collector for this project is Arcon Sun-
mark’s GK-HT 13.6 model [6], widely used in district heating
due to its proven performance and design. This collector
offers excellent cost-effectiveness, freeze protection, low
stagnation temperatures, and minimal pressure loss thanks
to its horizontal absorber technology. It can connect up to
200 m? in series without external piping, features high-qual-
ity, dual anti-reflective solar glass for superior efficiency,
and allows quick installation on uneven terrain with its du-
rable, welded aluminum frame for seamless integration into
existing systems.

3. Results and analysis

This chapter focuses on simulating the operation of the so-
lar thermal system to analyze and optimize critical param-
eters affecting its efficiency. The simulation examines how
varying the solar energy fraction affects the required collec-
tor area, storage tank volume, and water temperature dy-
namics within the thermal storage tank. A range of solar
fractions between 30% and 90% is analyzed to determine
the required collector area for different seasons (e.g., en-
ergy-intensive months like January and February vs. low-de-
mand months like August).

Also, relationships between the storage tank volume and
collector area are studied, highlighting their interdepend-
ence. The temperature fluctuations in the storage tank are

modeled, showing how they align with system requirements
and energy delivery to consumers.

3.1. Solar fraction analysis

In the first part of the simulation, the analysis focuses on
how changes in the solar fraction affect the required collec-
tor area. For solar fractions ranging from 30% to 90%, the re-
quired collector area is calculated to meet the temperature
regime demands for different periods of the year.

The calculations are performed for the following tempera-
ture regimes: the average annual regime and those specif-
ic to August (low energy demand), January, December, and
February (the most energy-intensive months).

From the presented graphs (Figure 4), regions appear that
fall below the linear approximation function, represented by
a dashed line. These local minima correspond to the most fa-
vorable configurations in terms of the balance between col-
lector area and solar fraction.

As the months progress from less energy-intensive to more
energy-intensive periods, these regions with local minima
shift to the right. This progression highlights that higher so-
lar shares become increasingly desirable for months with
greater energy demands (see Figure 4: for December local
minima is at 70% SF and for August it is at 50% SF). In Fig-
ure 4, only the cases for August and December are shown.

When considering the required storage volume, the dependen-
cy has a slightly different pattern but follows a similar trend
(Figure 5). As in the previous scenario, the local minimum
shifts with the change in months. For instance, in August,
the local minimum occurs at a solar fraction of 50%, while
in February, it shifts to 70%.

Another analyzed dependency was the effect of changes in
storage volume on the required collector area needed to main-
tain the desired temperature regime. From various exam-
inations, it can be concluded that, depending on the solar
fraction and temperature regime, a reduction of at least
10% in storage volume compared to the method proposed
in Chapter 2.3.1 is almost always justified. Particularly note-
worthy is the December regime, where even a significant
reduction of 50% in storage volume does not impact the re-
quired collector area.

This finding highlights the potential for optimizing stor-
age design without compromising system performance, es-
pecially during high-demand winter months, and could be
economically favorable which warrants further investiga-
tion (Figure 6).

3.2. Primary energy and CO, emissions

Primary energy and CO, emissions are key indicators of en-
ergy efficiency, especially in systems integrating renewable
energy. The proposed hybrid system combines a solar ther-
mal system with an existing gas-fired system, significantly
improving efficiency.

Primary energy

For the gas heating plants according to the ,lMpaBuiHKK O
eHepreTckoj edprkacHocTh 3rpaaa” [7], primary energy is cal-
culated by multiplying the annual supplied heat energy by a
conversion factor. For natural gas, this conversion factor is
1.1, and for 222 GWh of supplied energy, primary energy is
244.2 GWh.

For hybrid system (with 70% solar fraction as an exam-
ple), with solar thermal collectors having a near-zero pri-
mary energy factor, primary energy consumption drops to
73.26 GWh, proportional to the solar fraction (Figure 7).
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Figure 4. Collector area as a function of solar fraction. Temperature regime for (a) August and (b) December

Figure 5. Storage volume as a function of solar fraction. Temperature regime for (a) August and (b) February

€O, emissions

Calculated value for traditional gas system, also according to
the [7], is 44,400 tons CO, annually.

Hybrid system (with 70% SF) reduces emissions to 13,320
tons CO,, a reduction of 31,000 tons due to the solar share’s
zero-emission factor (Figure 7).

Conclusion is that the hybrid system reduces both primary
energy use and CO, emissions significantly, highlighting the
benefits of solar integration.

3.3. Feasibility study

The feasibility analysis was performed using the Sunstore
4 Feasibility Evaluation Tool [8], an Excel-based simulation
tool developed as part of the SUNSTORE 4 project to as-
sess the feasibility of hybrid systems. It is particularly de-
signed to evaluate combinations of solar thermal systems
with other heating technologies, such as biomass boilers,
heat pumps, and existing district heating systems.

In this project, the tool was adapted to simulate a hybrid
system where the existing gas boiler plant was treated as a
,biomass boiler.” By setting the biomass fuel cost equal to

Figure 6. The influence of the change in volume on the change in the required area of the solar collector
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Figure 7. Primary energy (left) and CO, emissions (right) for the traditional system

and the new hybrid system

the current district heating cost (63 €/MWh) and exclud-
ing capital costs for the boiler, the tool effectively modeled
the existing system'’s performance and integrated it with the
proposed solar thermal system. The analysis began with the
collection of essential data, including solar radiation values
and the annual heat demand of 222 GWh/year. Investment
parameters, such as the district heating price, a 25-year sys-
tem lifetime, and a 5% discount rate, were also incorporat-
ed. System parameters were then defined, focusing on the
solar fraction, the efficiency of the solar collectors, and the
thermal storage tank size. Seasonal demand variations were
analyzed for the months with the highest heating require-
ments — January, December, and February. Using this data,
simulations were performed to determine the required col-
lector surface area and the optimal thermal storage tank
volume. The outputs also included a detailed breakdown of
heating costs for the solar system and the existing plant,
as well as estimates of the total investment cost and the
levelized cost of energy [€/MWh].

After detailed analysis the optimal configuration was deter-
mined to be a system with a 70% solar fraction, designed to
meet the heating demand in December. This fraction was se-
lected based on an analysis of how changes in solar fraction
(in increments of 10%) and transitions between temperature
regimes (evaluated for December, January, and February) im-
pact the unit heating cost. The analysis revealed that the most
significant reduction in unit heating cost occurred when tran-
sitioning to a system with a 70% solar fraction in December.

The system'’s investment cost is estimated at approximately
€62 million, with a heating cost of 33.6 €/ MWh—nearly half
of the 63 €/MWh currently incurred. This results in annual
savings of €3.7 million. Over a 25-year period, the projected
savings range from €92 million to €162 million, depending
on trends in conventional heating prices. The higher esti-
mate assumes a 3% annual increase in heating prices, while
the lower figure reflects a scenario where prices remain sta-
ble throughout the period.

4. Conclusion

The integration of solar thermal systems
into district heating provides a feasible, re-
newable solution for sustainable urban heat-
ing. The ,Toplana Cerak” plant case study
demonstrates the potential of solar ener-
gy to enhance energy independence, reduce
greenhouse gas emissions, and support Ser-
bia's renewable energy goals. Future work
should focus on optimizing storage tank de-
sign and collector efficiency to maximize so-
lar contribution and further reduce reliance
on fossil fuels.

Comparing ,Toplana Cerak” with internation-
al benchmarks reveals a competitive edge in
terms of LCOH, especially when leveraging
Serbia’s high solar insolation during summer months. Dan-
ish systems like Silkeborg emphasize similar configurations
but lack the adaptability for winter-heavy climates seen in
Belgrade.

The integration of solar thermal systems into district heat-
ing offers a transformative opportunity for sustainable ur-
ban energy solutions. The findings highlight:

a) A 70% SF as the most cost-effective and environmental-
ly impactful scenario,

b) the importance of balancing collector area and storage
capacity to achieve optimal performance,

c) significant potential for CO, reduction, reinforcing com-
pliance with EU emission targets.

Future efforts should explore integrating solar thermal with
other renewables such as biomass or geothermal energy. Ex-
panding pilot projects like ,Toplana Cerak” across Serbia
could set a regional standard for green district heating.
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